The German Mouse Clinic (GMC) is a large scale phenotyping center where mouse mutant lines are analyzed in a standardized and comprehensive way. The result is an almost complete picture of the phenotype of a mouse mutant line -a systemic view. At the GMC, expert scientists from various fields of mouse research work in close cooperation with clinicians side by side at one location. The phenotype screens comprise the following areas: allergy, behavior, clinical chemistry, cardiovascular analyses, dysmorphology, bone and cartilage, energy metabolism, eye and vision, hostpathogen interactions, immunology, lung function, molecular phenotyping, neurology, nociception, steroid metabolism, and pathology. The German Mouse Clinic is an open access platform that offers a collaboration-based phenotyping to the scientific community (www.mouseclinic.de). More than 80 mutant lines have been analyzed in a primary screen for 320 parameters, and for 95% of the mutant lines we have found new or additional phenotypes that were not associated with the mouse line before. Our data contributed to the association of mutant mouse lines to the corresponding human disease. In addition, the systemic phenotype analysis accounts for pleiotropic gene functions and refines previous phenotypic characterizations. This is an important basis for the analysis of underlying disease mechanisms. We are currently setting up a platform that will include environmental challenge tests to decipher genome-environmental interactions in the areas nutrition, exercise, air, stress and infection with different standardized experiments. This will help us to identify genetic predispositions as susceptibility factors for environmental influences.
INTRODUCTION
Model organisms, especially the mouse, have proven to be important tools to learn more about gene functions. There are many mouse mutant lines (MMLs) available, however *Address correspondence to this author at the Institute of Experimental Genetics, Helmholtz Zentrum München, Ingolstaedter Landstrasse 1, 85764 Neuherberg (Munich), Germany; Tel: #49 89 3187 3302; Fax: #49 89 3187 3500; E-mail: hrabe@helmholtz-muenchen.de contributed equally to the work majority of them lacks comprehensive phenotypic characterization [1, 2] . Due to pleiotropic effects, one gene may have different functions in different organ systems. Thus, MMLs have to be systematically and comprehensively phenotyped in a standardized way to exploit the knowledge, which otherwise might remain undiscovered. To overcome this "phenotyping gap", the German Mouse Clinic [3, www.mouseclinic.de] works as an open access phenotyping platform. The goals of the GMC are:
• Systemic phenotype analysis of mouse mutants on the basis of a scientific collaboration • A primary screening of more than 320 parameters in 14 different areas • A capacity of up to 50 mouse lines per year in a primary screening • Detailed analysis in secondary and tertiary screening
THE GERMAN MOUSE CLINIC CONSORTIUM
The German Mouse Clinic is located in Munich at the Helmholtz Zentrum München. It is operated by the Institute of Experimental Genetics (IEG) that provides a core facility, the core scientists as coordinators, IT specialists for data management, a scientific editor for writing phenotype reports and two project administrators. In addition to the core facility the IEG provides expertise in the dysmorphology, bone and cartilage, the molecular phenotyping, and the steroid metabolism screens. A screen for diabetes research will be implemented. Specialized mouse phenotyping know-how for behavior, eye development and vision, lung function and pathology is contributed by the Institutes of Developmental Genetics, Human Genetics, Inhalation Biology and Pathology from the Helmholtz Zentrum München. Furthermore, the universities of Munich (Technische Universität and LudwigMaximilians Universität) closely collaborate with the GMC and provide the screens for allergy, clinical chemistry, immunology and neurology. The fields of cardiovascular function, metabolism and nociception are covered by collaborating groups from the University of Heidelberg, University of Marburg, and University of Bonn, respectively that run "satellite-labs" within the GMC. A secondary screen for hostpathogen-interactions is contributed by the HZI in Braunschweig. Additional partners from the University of Kiel and the TU München joined the consortium within our challenge platforms.
HOUSING CONDITIONS AND HYGIENE MANAG-EMENT
Mice are kept in individually ventilated cages (IVCs) under standardized housing conditions at a temperature of 22-24°C, humidity of 50%-60% with 20 air exchanges per hour and a 12/12-hour light/dark cycle. Wood shavings serve as bedding. Mice are fed a standardized mouse diet (1314, Altromin) and are provided with drinking water (0.2 μl filtered tab water) ad libitum. At the GMC every week mice from a different collaboration partner arrive for phenotypic characterization, all of which might represent a different health status. To meet this hygienic challenge a hygiene management concept has been developed to prevent horizontal pathogen transfer [4] . Prior to the transportation into the GMC-facility, a health certificate must be delivered and be evaluated by the veterinarians from the Helmholtz Zentrum München. The GMC is fully equipped with IVC cages and Class II changing stations. The hygiene concept of the GMC comprises standard operating procedures (SOPs) for all operations. Regular health monitoring is carried out by on-site examination of sentinel mice by certified laboratories following FELASA recommendations (http://www.felasa.eu/recommendations.htm).
PRIMARY PHENOTYPIC CHARACTERIZATION (PRIMARY SCREEN)
An innovative workflow was established, allowing a series of non-invasive tests on the same cohort of animals without major interferences between individual examinations. In a first version of the workflow the mice were phenotyped by a single passage of a cohort of 30 mutant mice that were compared to the same number of age-and sexmatched littermate control animals.
Since the start of the European Mouse Disease Clinic (EUMODIC, www.eumodic.org) a new workflow was set up in collaboration with other European mouse clinics. This new European workflow (EMPReSSslim) aims at the improvement of comparability of phenotyping data all across Europe. We adapted our phenotyping procedures to the jointly approved European standard, and complemented this program with additional tests from the former workflow that are not represented by EMPReSSslim. The change of the workflow also enabled us to double our capacity from 25 to 50 MMLs per year.
For a complete primary screen 80 animals (20 mutant males, 20 mutant females, 20 male controls and 20 female controls) are required. The mice are analyzed comprehensively for key parameters by a passage in two pipelines through the modules of the GMC. Using only non-invasive tests approximately 320 parameters can be measured.
A cohort of ten animals per sex and genotype is analyzed in the first pipeline of experiments that comprises dysmorphology, blood pressure, calorimetry, intraperitoneal glucose tolerance test, X-ray analysis, bone densitometry, axial eye length measurement, lung function and expression profiling. In the second pipeline of experiments (also ten animals per sex and genotype), a series of behavioral and neurological tests (open field, modified SHIRPA, grip strength, rotarod, acoustic startle and pre-pulse inhibition as well as hot plate test), examination of the eyes and vision (ophthalmoscope, slit lamp analysis) are carried out and blood based parameters from the immunology, allergy, clinical-chemical, cardiovascular and steroid screens are determined. This group of animals is tested on request for ECG or echocardiography. Finally, the mice from pipeline two are analyzed in the pathology screen ( Fig. 1) .
A detailed overview on the analyzed parameter-sets and the used techniques in the primary screen is shown in Table  1a . The group sizes and the resulting statistical power of the analysis have been calculated for the different experiments (e.g. [5] ).
After the completion of the primary screen, the data is evaluated and analyzed. The interpretation of the results is done by expert scientists derived from the different research areas covered in the screens based on a comparison with reference data obtained from literature and own baseline data. The complete result is discussed together with the mouse providers in a presentation session. In many cases the cross-view of the data from different screens allowed insights into subtle phenotypic alterations of scientific relevance that otherwise might remain unknown. Further analysis in secondary and tertiary screens as well as possibilities for more detailed information see also [17, 18] Lung Function assessment of alterations in spontaneous breathing patterns whole body plethysmography for more detailed information see also [19] Molecular Phenotyping RNA expression profiling DNA-chip technology for more detailed information see also [20] Energy Metabolism measurement of altered body weight regulation, body temperature and energy balance indirect calorimetry for more detailed information see also [5] Pathology macroscopic and microscopic analysis of more than 30 organs standard stains (e.g. H&E, PAS, Luxol fast blue for more detailed information see also [21] Fig . (1) . Workflow for the primary screen.
of publishing the data is discussed during the data presentation with providers of the MML.
SECONDARY AND TERTIARY ANALYSIS
For more detailed characterization, screens of the GMC offer additional experiments in secondary and tertiary analyses. For these tests additional cohort(s) of animals are required. In Table 1b the established secondary and tertiary screens are listed.
DATA MANAGEMENT
To run a large scale phenotyping project, a professional, tailor-made database system is required. For the German Mouse Clinic a web application called MausDB [22] has been developed in-house. The main features of MausDB are:
• Central cohort and facility management • Scheduling of phenotyping assays • Data import and export • Upload of phenotyping results including metadata and files • User-friendly graphical user interface • Open source system (free download of manuals and source code as well as a demo system are available at http://jupiter.helmholtz-muenchen.de) Energy Metabolism ad libitum food consumption, energy content of feces (bomb calorimetry), energy assimilation, food assimilation coefficient, body weight, rectal body temperature, parameter recording under food restriction, determination of the thermoneutral zone (TNZ), basal-and resting metabolic rate (BMR and RMR respectively), heat and cold exposure, substrate utilization and energy expenditure during food restriction, telemetrical recording of body temperature and activity, chronobiological analysis: activity, body temperature and metabolism Pathology special stainings (histochemistry and immunohistochemistry), electron microscopy, laser-assisted microdissection, Xray, moleculargenetic analysis (e.g. array-CGH, western blot, LOH-analysis)
In addition to MausDB that stores data on the level of individual mice, another database-driven web application called CoordDB has been developed in-house to support the project management team by centrally storing information from incoming phenotyping requests and scheduling of phenotyping slots for MMLs in order to maximize phenotyping capacity utilization.
REQUEST PROCEDURE
To apply for phenotyping of a MML in the GMC a scientist should visit our website (www.mouseclinic.de) and submit a completed request form. With the submission of the form the collaboration partner provides the GMC management team with essential information needed for processing the request and scheduling the phenotyping slots. Further steps will include a test for sanitary status of the mice, a collaboration agreement, and preparation as well as scheduling of the cohort.
QUALITY MANAGEMENT IN A LARGE SCALE MOUSE PHENOTYPING PROJECT
The quality management at the GMC consists of multiple elements: Project management supported by the central database systems MausDB and CoordDB, standardized analyses via Standard Operating Procedures (SOP) that have been validated within the EUMORPHIA program, as well as quality control and continuous training of the staff members. As a member of the National Genome Research Network (NGFN), we were also supported by the workgroup quality management of the NGFN.
The GMC management team (core facility) coordinates the scientific issues, logistics and administration of the GMC. The coordination software tool CoordDB supports the GMC management team in handling the incoming requests for phenotyping and for management of the complex workflow of the primary and secondary screening. The central mouse cohort and result management system MausDB ensures full traceability of samples, documentation of all data and administration of the successful execution of phenotyping tasks.
The GMC developed a set of SOPs which cover all steps from the mouse importing and handling to phenotyping and data analysis. These SOPs are strictly followed during the whole screening process in the GMC and all procedures are documented.
The GMC is one of the major partners of the EUMODIC consortium that emerged from the EUMORPHIA program [7, www.eumorphia .org], a consortium for the selection, establishment and standardization of phenotyping protocols for mice as models for human diseases and for mouse husbandry. Cross-validation of protocols and screening procedures was performed by the different EUMORPHIA institutions.
In addition to routine experiment-specific quality control procedures, control animals of selected strains (e.g. C57BL/6J and C3HeB/FeJ) are analyzed through the standard protocol for all phenotypes at regular intervals.
A tissue archive has been established for the storage of tail and blood plasma samples taken from all mice that have been analyzed in the GMC. These samples can be used on demand for re-genotyping or re-evaluation of the sanitary status.
Regular specific training courses are held at the GMC by inviting specialists who give lectures or offer practical training (e.g. animal handling, sanitary management or security).
CONTRIBUTION TO THE EUROPEAN MOUSE DISEASE CLINIC (EUMODIC) AND OTHER EURO-PEAN PROJECTS
Within the European initiative EUMORPHIA [8] , we have standardized and validated our protocols and screening procedures. The GMC is one of the four large-scale phenotyping centers of the EUMODIC consortium (www. eumodic.org), which will undertake a primary phenotype assessment of up to 650 mutant mouse lines made available by the EUCOMM project. To enable cross-center comparisons of phenotyping results we have adapted the primary workflow to EMPReSSslim with two phenotyping pipelines. Many screens of the GMC also contribute to secondary screening activities within the EUMODIC project.
RESULTS
In total, 81 MMLs that were created with different techniques like knock outs, gene targeting, ENU mutagenesis, or by spontaneous mutations were obtained from institutes all over the world and were successfully phenotyped in the primary screen. In nearly all of the MMLs, we detected altered parameters in the mutants compared to their wild-type controls. In addition, we collected baseline data from the most commonly used inbred mouse strains.
In 95% of the 81 mutant lines that were analyzed in the primary screen we found new or additional phenotypic alterations (Fig. 2) . Also, subtle changes were detected essentially in every line assessed. Secondary screens were recommended for almost every mutant line. Table 2 provides an overview of the analyzed disease models.
GENOME-ENVIRONMENTAL INTERACTIONS
To explore the complex relationship between environmental changes and genetic factors, we set up standardized challenge platforms for mouse phenotyping. By mimicking specific environmental exposures or life styles that have a strong impact on human health, we want to determine their effects on disease etiology and progression, uncovering the physiological and molecular mechanisms of genomeenvironment interactions. We have chosen five areas -diet, air pollution, stress, exercise and immunity (Fig. 3) -representing the major interfaces of the organism with the environment (gut, lung/skin, brain/sensory organs, muscle/bone and immune system). The challenged animals will subsequently be analyzed by appropriate standard screens of the GMC. This platform will allow us to identify genetic predispositions as susceptibility factors for environmental influences. 
META-ANALYSIS OF DATA AND DATA MINING
Comprehensive screening activities within the German Mouse Clinic provide a tremendous amount of data, which are collected in a standardized format in the GMC database system MausDB. It represents a promising resource for meta-analysis approaches and data mining exercises. As a first outcome, data of the molecular phenotyping screen helped to discover syn-expression groups of genes in different organs [20] . Other data mining exercises for the complete data-set are in progress.
CONCLUSION
The German Mouse Clinic is a large scale phenotyping center for the systemic analysis of mouse mutant lines. The GMC is a consortium of scientists with expertise in various fields of mouse research. The GMC operates in close cooperation with clinicians, and it offers a collaboration-based phenotyping of MMLs as an open access platform to the scientific community. The systemic analysis of MMLs in the GMC has proven to be a powerful tool to find new model systems for human diseases. The German Mouse Clinic can be contacted at www.mouseclinic.de.
